Recent results suggest that membrane proteins are delivered to the myelin sheath of an oligodendrocyte on rafts with a distinctive lipid composition. The major intrinsic membrane protein of myelin, proteolipid protein, interacts with rafts in oligodendrocytes but not with the different rafts found in other cell types.
the membrane, which can carry membrane proteins to their appropriate destinations within the cell [1] . A recent paper by Simons et al. [2] reports on the role of lipid rafts in forming the myelin membrane. Myelin has long been used as a simple model membrane system. X-ray diffraction studies in the 1930s and 1940s established that lipids in the myelin membrane are organised in the now familiar bilayer form [3] . Even earlier, in the 1880s [4] , it was realised that the lipid composition of brain myelin is highly unusual. The work of Simons et al. [2] starts to unravel why the myelin lipids have this unusual composition.
The myelin sheath in the central nervous system forms as an oligodendrocyte wraps layer upon layer of its own membrane around an axon in a tight spiral, forming an electrically insulating sheath around the axon. A single oligodendrocyte can myelinate many separate axons, as shown in Figure 1 . Although the myelin sheath is an extension of the plasma membrane of the oligodendrocyte, it has a lipid and protein composition very unlike the rest of the plasma membrane. In the bulk membrane, the predominant lipids are cholesterol and glycerophospholipids such as phosphatidylcholine. In contrast, the myelin membrane is made up largely of cholesterol and two glycosphingolipids, galactocerebroside, also called galactosylceramide, and its sulphated derivative galactosulphocerebroside, also known as sulphatide [5] . The structures of galactocerebroside and galactosulphocerebroside are based on long-chain sphingosines, unlike the glycerophospholipids, which are based on glycerol ( Figure 2 ). The cerebrosides in myelin also differ from other lipids in that they contain chains that are long and normally saturated. Chains of 24 carbons are common and unsaturation is limited almost exclusively to a single cis double bond.
The myelin membrane is also unusual, in that about 85% of the protein component is made up of just two types of protein, the myelin basic protein (MBP) and proteolipid protein (PLP) and its alternatively spliced isoform, DM-20 ( Figure 1 ). Myelin basic protein binds to the cytoplasmic surface of the membrane and brings the cytoplasmic surfaces close together so that myelin can form a tight spiral around the axon. PLP is an intrinsic membrane protein with four transmembrane α helices arranged with its amino and carboxyl termini in the cytoplasm. It contains a relatively large extracellular loop between transmembrane α helices three and four, and this is thought to mediate interactions between the external surfaces of the myelin membrane, again leading to close packing of the membranes, as shown in Figure 1 [6] . PLP is very hydrophobic, To form and maintain the myelin sheath, oligodendrocytes must deliver large amounts of protein and lipid to the myelin by vesicular transport. It has been pointed out by Simons et al. [7] that the myelin membrane resembles the apical brush border membrane of epithelial cells, in that both are enriched in glycosphingolipids. In polarised epithelial cells, the apical plasma membrane has a very different protein composition to that of the basolateral membrane. Simons and colleagues [1] have developed a model to explain the sorting of apical and basolateral proteins in the trans-Golgi network. They propose that glycosphingolipids and cholesterol segregate from other lipids within the trans-Golgi network to form small, separated domains within the membrane, likened to rafts floating in a sea of the other lipids. A particular subset of proteins partition into these rafts, which are then packaged into transport vesicles destined for the apical surface. Typically, proteins associated with rafts have hydrophobic post-translational modifications, such as glycosylphosphatidylinositiol (GPI) anchors or acyl chains.
The formation of rafts is largely driven by favourable association between the fatty acyl chains of the lipids [8] .
The presence of long saturated fatty acyl chains in the sphingolipids means that they melt from the rigid, gel phase to the fluid, liquid crystalline phase only at high temperatures. Transition temperatures for galactocerebrosides are typically in the range 60-80°C, compared to transition temperatures of around 0°C for typical glycerophospholipids [9] . This means that, in a mixture of galactocerebrosides and glycerophospholipids, the galactocerebrosides tend to separate out as solid domains of gel-phase lipid, 'floating' in a 'sea' of fluid glycerophospholipid. Domains of gel-phase lipid are, however, generally avoided in biological membranes because of poor packing at the interface between regions of gel and liquid crystalline lipid (see [10] ). Rafts in biological membranes do not, therefore, contain just glycosphingolipids; they also contain cholesterol. Cholesterol has profound effects on the packing properties of lipids and the presence of cholesterol creates what has been referred to as a liquidordered state, with properties part way between the solid and fluid states [11] .
Direct identification of rafts in membranes is difficult, because the rafts are too small to be observed by conventional microscopy. A recent study [12] has used single-molecule imaging techniques to visualise rafts in muscle cell membranes as domains about 0.7 µm across. The usual method for detecting the presence of rafts, however, is based on differential solubility in non-polar detergents at low temperatures. Rafts produce an insoluble membrane fraction after detergent treatment. Because of their high lipid content, these detergent-insoluble membrane fractions float at low densities on sucrose gradients. The detergent generally used in studies of rafts is Triton X-100, but Simons et al. [2] found that Triton X-100 was not suitable for studies of myelin as it simply solubilises most of the membrane. They found, however, that treatment with the detergent CHAPS left an insoluble fraction enriched in galactocerebroside, galactosulphocerebroside and cholesterol, and in the proteins PLP and DM-20, characteristic of myelin. They demonstrated that this insoluble fraction corresponded to rafts by showing that PLP co-localises with influenza virus HA protein, a marker for rafts [13] , in the detergent-insoluble fraction when oligodendrocytes were infected with influenza virus.
The rafts were further characterised using primary cultures of oligodendrocytes which, after several days in culture, give an extensive network of branching processes followed by formation of myelin-like sheets. These changes are accompanied by the expression of the major lipid and protein components of myelin. Extraction of oligodendrocytes with CHAPS gave a detergent insoluble fraction like that obtained on detergent treatment of myelin [2] . The importance of galactocerebrosides for raft formation was demonstrated by incubating oligodendrocytes with fumonisin B1, an inhibitor of sphingolipid biosynthesis; in the presence of fumonisin, PLP no longer associated with the detergent-insoluble fraction [2] .
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Figure 2
The structures of the two major classes of lipid found in the myelin sheath. Galactocerebroside and galactosulphocerebroside are based on a long-chain sphingosine (shown in red) whereas a typical glycerophospholipid, such as phosphatidylcholine, is based on glycerol (also shown in red). Galactosulphocerebrosides are sulphated (shown in green) at carbon three of the galactose ring. The importance of galactocerebrosides was confirmed in experiments using a knockout mouse lacking the enzyme ceramide galactosyl transferase (CGT). CGT is the key enzyme of galactolipid biosynthesis; when this enzyme is missing, myelin completely lacks galactocerebroside and galactosulphocerebroside and the level of glucocerebroside increases to take their place [14, 15] . Simons et al. [2] found that, in myelin of the CGT-deficient mouse, much of the PLP was no longer associated with the detergentinsoluble fraction. Thus, galactocerebroside and/or galactosulphocerebroside is necessary for the proper association of PLP with rafts. Most cells do not synthesise galactocerebroside and galactosulphocerebroside, and form rafts in which the major lipids are glucocerebroside and sphingomyelin. When PLP was expressed in such cell types, it no longer associated with the rafts [2] . Thus PLP does not associate with all kinds of raft; association depends on the specific lipid composition generated by the oligodendrocytes [2] .
The importance of cholesterol for raft formation was shown by treating oligodendrocytes with methyl-β-cyclodextrin, which extracts cholesterol from the membrane with high affinity. Although a detergent-insoluble membrane fraction was still obtained, PLP was no longer associated with the insoluble fraction to the same extent; most of the PLP was found in detergent-soluble fractions [2] . Cholesterol is thus essential for proper formation of these rafts. Direct interaction between PLP and cholesterol was shown using a photochemical probe for cholesterol; this contains a photoactivatable diazirine ring, instead of the ∆5 double bond and the hydrogen bond at C6 [16] . The cholesterol photolabel was exchanged into oligodendrocytes by incubation in the presence of methyl-β-cyclodextrin. The major protein in the membrane labelled by the photolabel was PLP. To show that the interaction was specific, membrane proteins were also photolabelled with phosphatidylcholine. This was done using a clever trick. Phosphatidylcholines cannot be exchanged into the membrane in the same way as cholesterol. Cells were therefore incubated in the presence of radiolabelled choline and the photoactivatable fatty acid 10-azisteric acid, which does partition into the membrane; cells take these compounds up and metabolise them to form photoactivatable phosphatidylcholine [16] . The phosphatidylcholine did not crosslink to PLP.
These experiments thus provide strong evidence that PLP is carried to the myelin sheath on lipid rafts. Experiments with pulse-labelling of proteins in oligodendrocytes showed that PLP becomes detergent-insoluble, and so associates with rafts, after it has left the endoplasmic reticulum and before it exits from the trans-Golgi network [2] . Rafts in oligodendrocytes have, however, a number of characteristics unlike rafts in other cell types. Rafts in oligodendrocytes aggregate to form the myelin sheath, with its distinct lipid and protein composition. The lipid composition of the oligodendrocyte rafts is different from those of other rafts, and PLP associates with only the oligodendrocyte rafts. This implies there are specific interactions between PLP and the galactocerebrosides and/or galactosulphocerebrosides. Strong interaction between PLP and the cholesterol component of the rafts has also been demonstrated. The molecular basis for these specific interactions is still totally unknown.
